Introduction {#sec1}
============

Sensorineural hearing loss (SNHL) is one of the most common sensory disorders worldwide. According to the World Health Organization, over 5% of the population (466 million people) suffers from hearing loss. Additionally, approximately 2% of school-age children have mild or late-onset SNHL in one or even both ears.[@bib1]^,^[@bib2] Although SNHL is a high-prevalence disability, treatments are limited. Cochlear implantation is currently the main treatment option for severe to profound SNHL, but the outcomes vary significantly among recipients.

Gene therapy has become an attractive option in the exploration of potential biological treatments for SNHL. Various systems exist for the delivery of genetic constructs in gene therapy; these can be categorized into viral delivery systems and nonviral delivery systems. The advantages of viral delivery systems include their safety and higher transduction efficiency.[@bib3], [@bib4], [@bib5] Additionally, many viral delivery systems are in clinical trials (clinicaltrials.gov: <https://clinicaltrials.gov/ct2/home>). Different serotypes of AAV exhibit different transduction efficiencies in specific target cells and tissues.[@bib6] Several serotypes have previously been tested in inner ears, including AAV1, AAV2, AAV5, AAV6, AAV8, AAV9, AAV2.7m8, AAV8BP2, AAVrh.39, AAVrh.43, AAV-ie, and Anc80L65.[@bib3]^,^[@bib7], [@bib8], [@bib9], [@bib10], [@bib11], [@bib12], [@bib13], [@bib14], [@bib15], [@bib16], [@bib17], [@bib18], [@bib19], [@bib20]^,^[@bib40][@bib41][@bib42]

Anc80L65 is predicted to be an ancestor of several AAV serotypes, including AAV1, AAV2, AAV8, and AAV9. Anc80L65 was initially reconstructed *in silico* from 75 capsid protein sequences of human and primate evolutionary lineages.[@bib21] The innovative serotype Anc80L65 has demonstrated excellent performance in various cochlear cell types, including inner hair cells (IHCs), outer hair cells (OHCs), and supporting cells, when AAV is delivered in the neonatal and/or adult stage.[@bib3]^,^[@bib13]^,^[@bib15], [@bib16], [@bib17], [@bib18]^,^[@bib22] Anc80L65 has also shown promise for the treatment of genetic deafness, including that induced by *Usch1c* or *Tmc1* mutations, in the postnatal stage in several mammalian models.[@bib13]^,^[@bib22] Considering the nature of the pathologic changes in some types of genetic deafness that can develop during the embryonic stage, we sought to investigate the efficacy of the synthetic AAV Anc80L65 for use at the embryonic stage.

Results {#sec2}
=======

Synthetic AAV2/Anc80L65 Efficiently Transduces the Embryonic Cochlear Sensory Epithelium {#sec2.1}
----------------------------------------------------------------------------------------

To evaluate the transduction efficiency of Anc80L65 in the embryonic cochlear sensory epithelium, we injected one microliter of synthetic AAV (2.52 × 10^12^ GC/mL) into one otocyst of each murine embryo at embryonic day 12 (E12; [Figure 1](#fig1){ref-type="fig"}). The survival rate of embryos in both the sham and Anc80L65 groups was 73.3%. The HC transduction efficiency was evaluated by the proportion of sensory HCs (marked by myosin VIIA) with enhanced green fluorescent protein (eGFP; carried by AAV) expression at the neonatal stage P7; HCs of sham-injected mice were used as a positive control for myosin VIIA and a negative control for eGFP signals ([Figure 2](#fig2){ref-type="fig"}A). Quantification analysis demonstrated that the average Anc80L65 transduction efficiency was approximately 90% in both IHCs and OHCs ([Figures 2](#fig2){ref-type="fig"}A and 2B; the IHC:OHC ratios were 79.3% ± 25.3%:86.5% ± 10.8% in the apex, 94.7% ± 7.6%:89.8% ± 8.3% in the middle, and 94.5% ± 8.1%:95.3% ± 2.8% in the base; n = 5 per turn). Besides, we also observed the transduction of supporting cells, including Deiters' cells, which are located below the OHCs, and Hensen's cells, which lie outside Deiters' cells ([Figure 2](#fig2){ref-type="fig"}C). A previous study noted that AAVs might access the contralateral ear via the cochlear aqueducts.[@bib3] Interestingly, we did observe transduction of Anc80L65 in the contralateral ears of some mice, albeit to a much lower degree than that in the injected inner ears ([Figure S1](#mmc1){ref-type="supplementary-material"}).Figure 1Schematic Diagram of the Method for Intrauterine Delivery into Embryonic Otocysts(A) View of an E12 embryo after microinjection through the uterine wall. The teardrop-shaped otocyst injected with a combination of Anc80L65 and dye is indicated by the dotted line. (B) Gross view of the distribution of the delivered eGFP in the inner ear at P28. The asterisk indicates the cochlea, the triangle indicates the transduced semicircular canals, and the arrows indicate the vestibule (saccule and utricle).Figure 2High Transduction Efficiency of Anc80L65 in Cochlear HCs(A) The organ of Corti was mounted and divided into three parts: the apex, middle, and base. One row of IHCs and three rows of OHCs are clearly visible in the images. We compared myosin VIIA and eGFP expression between the Anc80L65-injected ears and the sham ears (injection of PBS solution only). Red indicates myosin VIIA, green indicates eGFP, and blue indicates DAPI. The scale bar represents 50 μm (n = 5). (B) The transduction efficiency was quantified in cochlear HCs with eGFP expression. No significant difference between the IHC and OHC transduction efficiency was found in any turn. (C) Supporting cell layer in a whole-mount preparation of the middle cochlear turn (same as in A). Sham ears were utilized as a positive control for Sox2 and a negative control for eGFP. Gray indicates Sox2-positive supporting cells, and green indicates eGFP. The scale bar represents 50 μm.

*In Utero* Delivery of Synthetic AAV2/Anc80L65 into the Embryonic Inner Ear Does Not Damage the Sensory Epithelium or Hearing Ability {#sec2.2}
-------------------------------------------------------------------------------------------------------------------------------------

To assess the safety of the synthetic AAV in the inner ear, we evaluated the loss of cochlear sensory epithelial cells, including IHCs and OHCs, at P7. Very little HC loss was found in mice in the AAV2/Anc80L65-CMV-eGFP-injected group and the sham surgery group injected with PBS (0.02% each). Similarly, no HC loss was observed in the vestibular areas.

To evaluate the possible adverse effects of *in utero* delivery of synthetic Anc80L65 on hearing, we assessed auditory brainstem response (ABR) thresholds ([Figure 3](#fig3){ref-type="fig"}A). Compared with mice in the PBS-injected sham surgery group (n = 5) and mice in the wild-type group not subjected to any surgical procedure (n = 6), mice in the group subjected to *in utero* delivery of AAV2/Anc80L65-CMV-eGFP (n = 5) exhibited no significant differences in the hearing threshold at any tested frequency (p values of 0.698, 0.842, 0.995, and 0.981 for the clicks and 8 kHz, 16 kHz, and 32 kHz tests, respectively; [Figure 3](#fig3){ref-type="fig"}B). These results indicate that synthetic Anc80L65 is safe with minimal effects on the embryonic cochlea.Figure 3*In Utero* Microinjection Has Minimal Adverse Effects on HearingABRs of noninjected (wild-type, n = 6), PBS-injected (sham, n = 5), and Anc80L65-injected mice (n = 5). (A) Click-evoked ABRs of wild-type (upper), sham (middle), and Anc80L65-injected (lower) mice at P28. The amplitude of the response is expressed in microvolts (μV). The time is expressed in milliseconds (ms). (B) The ABR was assessed with clicks and with tone bursts at 8 kHz, 16 kHz, and 32 kHz. No significant differences were observed among any of the tested frequencies.

Transduction Efficiency of AAV2/Anc80L65 in the Embryonic Vestibular Sensory Epithelium {#sec2.3}
---------------------------------------------------------------------------------------

The transduction efficiency in sensory HCs in the vestibular system was similarly evaluated by the ratio of eGFP-positive to myosin VIIA-positive cells at the neonatal stage (P7) after injection of the synthetic AAV into the otocysts of murine embryos. eGFP was expressed robustly in the vestibules and semicircular canals ([Figures 4](#fig4){ref-type="fig"}A and 4B). Robust expression of eGFP in HCs indicated that Anc80L65 had high transduction efficiency in these cells. The transduction rates reached approximately 70% (71.4% ± 9.3%; n = 5) in semicircular canals and 90% (89.6% ± 7.8%; n = 5) in vestibules ([Figure 4](#fig4){ref-type="fig"}C).Figure 4Anc80L65 Robustly Transduces the Vestibular and Semicircular Canals Sensory Epithelia and SGNs(A and B) The expression of myosin VIIA (red) indicates the positions of HCs in vestibules (represented by saccules; A) and semicircular canals (represented by posterior semicircular canals; B). The proportion of eGFP-positive cells among all HCs was quantified. The scale bar represents 100 μm in the images of vestibules and semicircular canals. The scale bars in the magnified views (40×) from the areas in the white rectangles in the vestibules and semicircular canals represent 50 μm. (C) The transduction efficiency was 89.6% ± 7.8% in vestibules (n = 5) and 71.4% ± 9.3% in semicircular canals (n = 5). (D) Cross section of the cochlea at P28. (E) Magnified views of from the area in the white rectangle in (C). Beta III tubulin staining (red) indicates the distribution of SGNs, and eGFP staining indicates cells transduced by Anc80L65. The scale bar in (D) represents 200 μm, while that in (E) represents 25 μm.

Anc80L65 Transduces SGNs with High Efficiency {#sec2.4}
---------------------------------------------

Moreover, we found that Anc80L65 transduces spiral ganglion neurons (SGNs) with high efficiency. To quantify the targeted SGNs, we assessed beta III tubulin expression. As shown in [Figures 4](#fig4){ref-type="fig"}D and 4E, both beta III tubulin and eGFP were expressed in SGNs, and the expression extended to the cochlear nerve. Neural fibers were also transduced by Anc80L65; fiber-like patterns of green fluorescence were observed around the nerve paths. The high transduction efficiency in SGNs (96.7% ± 1.7%; n = 3) demonstrates the potential of Anc80L65 for therapeutic use in neurological diseases.

Discussion {#sec3}
==========

In this study, we delivered a synthetic Anc80L65 AAV into the otocysts of murine embryos to investigate the feasibility of intrauterine gene therapy for inner ear disorders. Our results showed that synthetic Anc80L65 efficiently transduced the embryonic cochlear and vestibular sensory epithelium while causing minimal damage to sensory cells and minimal associated effects on hearing outcomes.

The method of *in utero* microinjection was established several years ago and has been confirmed to be safe for fetuses.[@bib23] Furthermore, success in both murine models and human fetuses prompted Charles Coutelle to consider carefully revisiting prenatal gene therapy.[@bib24] There are a few lines of reasoning supporting gene therapy at the embryonic stages. First, mutations in some genes may cause permanent damage even before birth. For example, deletion or mutation of *GJB2* and *SLC26A4* causes profound hearing loss at birth.[@bib25]^,^[@bib26] Therefore, treatment at the embryonic stages is beneficial for these kinds of mutations. Second, the early gestational fetus has a naive immune system, which makes viral vector- or transgene-encoded proteins more readily accepted by target cells in early embryos than by those in more mature tissues. This characteristic could substantially increase the efficiency of gene therapy.[@bib27] Third, the blood-brain barrier is not mature during the embryonic stage; thus, molecular medicines can easily access brain tissues, which is advantageous for the treatment of neurological diseases, such as early-onset neuronopathic Gaucher disease.[@bib28] However, as the majority of patients of genetic deafness involve recessive inheritance from parents who are heterozygous carriers for the disease-causing genetic variants, the identification and diagnosis of hearing loss are usually after birth. While this may represent a major barrier to implementing *in utero* treatment of hearing loss, *in utero* gene therapy may still be feasible and logical for those whose parents are both deaf and carrying bi-allelic recessive mutations of the same gene, as well as those with a deaf parent segregating a dominant mutation, when considering the clinical application in the future.

Several recent advances in intrauterine gene delivery into the inner ear have been reported. For example, Gubbels et al.[@bib29] demonstrated that transfer of *Atoh1* into otocysts by electroporation could induce production of functional supernumerary HCs in the murine cochlea. In addition, *in utero* delivery of wild-type connexin 30 by electroporation into Cx30-knockout mice could ameliorate hearing loss.[@bib30] Bedrosian et al.[@bib20] first demonstrated the successful transduction of AAV1 in the otocysts. The application of AAV1 carrying the *MsrB3* gene to methionine sulfoxide reductase B-deficient (*MsrB3*^*−/−*^) mice at the developmental stage was shown to restore both HC morphology and hearing function after birth.[@bib31]

The synthetic Anc80L65 vector has been reported to be highly efficient in transducing target cells, especially different types of cells in the inner ear.[@bib3]^,^[@bib13]^,^[@bib17]^,^[@bib18]^,^[@bib22] However, the transduction efficiency of this vector in the sensory epithelia of developing inner ear organs has not been reported. Similar to the findings reported by other researchers in neonatal or adult murine models,[@bib3]^,^[@bib7]^,^[@bib11]^,^[@bib14]^,^[@bib15]^,^[@bib18]^,^[@bib32] our results revealed that Anc80L65 has an excellent ability to transduce both types of cochlear HCs ([Figure 2](#fig2){ref-type="fig"}B; [Table 1](#tbl1){ref-type="table"}). During development, cochlear HCs are derived from a subclass of prosensory domain cells that start to exit the cell cycle and form bipotent HC progenitors at E12.5.[@bib33]^,^[@bib34] We found that some supporting cells were eGFP-positive, indicating the ability of the vector to transduce the bipotent progenitors that eventually differentiate into either HCs or supporting cells.Table 1Comparison of AAV Transduction Efficiency in the Inner EarCell TypesCochlear Hair CellsVestibular Hair CellsSpiral Ganglion NeuronsReferencesStage-AAVIHCsOHCs*In utero*-Anc80L6591%--97%84%--94%92.6%96.7%This study*In utero*-AAV189%--91%84%--92%NDNDKim et al., 2016[@bib31]Newborn-Anc80L65\~100%81%--95%NDNDGu et al., 2019[@bib18]\~100%90%--100%\~83%NDLandegger et al., 2017[@bib3]\~94%\~67%\~67.7%NDIsgrig et al., 2019[@bib7]ND80%--100%NDNDPan et al., 2017[@bib13]Adult-Anc80L6584%--98%2.5%--71%NDNDTao et al., 2018[@bib15]\~100%18%--90%\~38%3%--10%Suzuki et al., 2017[@bib16]84%--91%NDNDNDYoshimura et al., 2018[@bib17][^2]

In addition to cochlear HCs, vestibular HCs were also targeted by Anc80L65 with a high transduction efficiency. Vestibular disabilities occur in 10%--20% of infants with hereditary deafness, such as that associated with *COCH(DFNA9)*, *PJVK* *(DFNB59)*, *USH1C* *(DFNB18)*, *USH3*, and mtDNA 1555A \> G (12S rRNA).[@bib35], [@bib36], [@bib37] In addition to the treatment of hearing disorders, our findings suggest that Anc80L65 might be an ideal tool for the treatment of balance disorders resulting from hereditary hearing loss.

In this study, we demonstrated the transduction efficiency of Anc80L65 in the developing murine inner ears. However, some limitations must be considered before this method can be translated for application in humans. First, intrauterine microinjection of murine otocysts requires meticulous techniques, and adapting the developed microinjection technique for use in human embryos may be difficult. Second, hearing onset occurs at approximately 20 weeks of gestation in humans, while hearing onset occurs later in the postnatal stage in mice. Therefore, whether mouse disease models recapitulate the development of specific hearing and/or balance disorders in the human inner ear with regard to gene therapy requires careful study.

In summary, this study evaluated the ability of the synthetic AAV Anc80L65 to transduce embryonic otocysts. The high transduction efficiency in both cochlear and vestibular HCs, as well as SGNs indicates that the AAV Anc80L65 is a powerful gene delivery vector for the treatment of hereditary inner ear diseases *in utero*. The combination of prenatal treatment and effective AAV vector administration may enable the progression of gene therapy to the next level.

Materials and Methods {#sec4}
=====================

AAV Production {#sec4.1}
--------------

The AAV2/Anc80L65-CMV-eGFP (2.52 × 10^12^ GC/mL) used in this study was packaged and purchased from the Gene Transfer Vector Core at the Grousbeck Gene Therapy Center, Massachusetts Eye and Ear (Boston, MA). The preparation procedures for this virus have been described previously.[@bib21]

Animals {#sec4.2}
-------

Pregnant wild-type C57BL/6 mice were purchased from BioLasco (Taiwan), and the main subjects in this study were the embryos in these mice. AAV2/Anc80L65-CMV-eGFP was delivered into embryonic otocysts until developmental day 12. All animal procedures were performed in accordance with protocols approved by the Institutional Animal Care and Use Committee (IACUC) of the National Taiwan University College of Medicine (approval number 20160337).

Surgical Procedure {#sec4.3}
------------------

All animal surgeries were conducted in a sterile environment in the laboratory of the Animal Center at National Yang-Ming University. The detailed surgical procedures used in this study were adopted from procedures described previously.[@bib38] Briefly, pregnant C57BL/6 mice were anesthetized with gaseous 0.4% isoflurane (Panion & BF Biotech, Taipei, Taiwan) in a sealed cage for 3--5 min until they were deeply anesthetized. The mice were then removed from the cage and fitted with masks for continuous administration of gaseous isoflurane before the abdominal skin was incised along the midline for 1.5 cm. One otocyst in each embryo was microinjected by glass micropipette. Each otocyst in the experimental group was microinjected with a mixture of 1 μL of AAV2/Anc80L65-CMV-eGFP and Fast Green FCF dye (Sigma-Aldrich, St. Louis, MO, USA; 5:1 ratio), while each otocyst in the sham group was microinjected with 1 μL of phosphate-buffered saline (PBS) (Thermo Fisher Scientific, Waltham, MA, USA; [Figure 1](#fig1){ref-type="fig"}A). During surgery, we regularly dripped 50°C PBS onto the surface of the uterus to prevent heat loss and to allow the syringe needle to penetrate easily. After microinjection, we sequentially closed the abdominal wound in the muscular and dermal layers with surgical sutures. Mice were placed under a lamp for 5 min after surgery to recover.

Immunofluorescence Staining {#sec4.4}
---------------------------

First, inner ear tissue was carefully removed from mice euthanized with CO~2~ ([Figure 1](#fig1){ref-type="fig"}B), perfused with 4% paraformaldehyde (PFA; Bio Basic, Toronto, Canada), postfixed in the same solution for 2 h at room temperature (RT) and washed in PBS. For whole-mount studies, segments of the stria vascularis and organ of Corti together with Reissner's membrane from postnatal stage (P7) mice were dissected out of the inner ear specimens with a fine needle. The samples were permeabilized with 1% PBS/Triton X-100 (Sigma-Aldrich, St. Louis, MO, USA) for 30 min, washed with PBS, and incubated overnight at 4°C in blocking solution (5% BSA/PBS solution). The tissues were then stained with a rabbit anti-myosin VIIA primary antibody (1:100 dilution, Proteus BioScience, Redwood, CA, USA) and a goat anti-human/mouse/rat SOX2 antigen affinity-purified polyclonal antibody (1:200 dilution, R&D Systems, Minneapolis, MN, USA) together overnight. The tissues were then incubated with 4\',6-**d**i**a**midino-2-**p**henyl**i**ndole (DAPI) (1:5,000; Thermo Fisher Scientific, Waltham, MA, USA), Alexa Fluor 568-conjugated goat anti-rabbit immunoglobulin G (IgG; H+L) secondary antibodies (1:200; Thermo Fisher Scientific, Waltham, MA, USA), and NorthernLights anti-goat IgG-NL637 (1:200 dilution; R&D Systems, Minneapolis, MN, USA). After washing in PBS, the tissues were mounted using a ProLong Antifade Kit (Molecular Probes, Eugene, OR, USA). Images of the tissues were acquired with a laser scanning confocal microscope (Zeiss LSM 880, Jena, Germany).

With regard to frozen sections, whole inner ears from P28 mice were decalcified for 7 days, dehydrated with gradient sucrose solutions, and then embedded in the O.C.T. compound (Sakura Finetek, Torrance, CA, USA). Next, 7-μm tissue sections of inner ears mounted on silane-coated glass slides were washed in PBS solution to remove the O.C.T. compound and submerged in proteinase K (Sigma-Aldrich, St. Louis, MO, USA) working solution (a mixture of Proteinase K and echo time \[TE\]-CaCl~2~ buffer at a concentration of 20 μg/mL in TE-CaCl~2~ buffer) for 20 min at 37°C. The sections were then permeabilized with 1% PBS/Triton X-100 for 20 min, blocked with 5% BSA/PBS solution for 30 min at RT and incubated with rabbit anti-beta III tubulin primary antibodies (1:1,000; Abcam, Burlingame, CA, USA) diluted in blocking solution at 4°C overnight. Then, the sections were incubated with DAPI (1:5,000; Thermo Fisher Scientific, Waltham, MA, USA) and Alexa Fluor 568-conjugated goat anti-rabbit IgG (H+L) secondary antibodies (1:200; Thermo Fisher Scientific, Waltham, MA, USA) at 4°C overnight. The samples were washed with PBS to remove any residual antibodies and mounted using a ProLong Antifade Kit (Molecular Probes, USA). All slides were examined by laser scanning confocal microscopy (Zeiss LSM 880, Jena, Germany).

ABR Measurement {#sec4.5}
---------------

P28--P35 mice were anesthetized with sodium pentobarbital (35 mg/kg) delivered intraperitoneally and placed in head immobilization devices within an insulated and grounded test room. We used an evoked potential detection system (Smart EP 3.90; Intelligent Hearing Systems, Miami, FL, USA) to measure the ABR thresholds in the mice. Clicks (2--4 kHz) sounds and 8, 16, and 32 kHz tone bursts at varying intensities were generated to evoke ABRs in the mice. To determine ABR thresholds, we used sound pressure levels between 25 and 60 dB. Using an alternating polarity stimulus, we collected and averaged 1,024 responses for each sound pressure level. The response signals were recorded with subcutaneous needle electrodes. The threshold was defined as the lowest dB at which peak I could be detected and reproduced with increasing sound intensities. The detailed methods were described in our previous study.[@bib39]

Quantification of Transduced HCs and SGNs {#sec4.6}
-----------------------------------------

For the quantification of cochlear HCs, we separately counted only the HCs with obvious and intact myosin VIIA and eGFP staining in 200-μm segments of sensory epithelium taken at the apical, middle, and basal turns of the cochlea. The number of myosin VIIA-stained cells in each image was divided by the number of eGFP-positive cells and is presented as a percentage (\[eGFP/myosin VIIA\] × 100%). For the quantification of HCs in vestibules and semicircular canals, images acquired at 40× magnification were selected for statistical analyses. The transduction efficiency in neurons was calculated as the ratio of the number of eGFP-stained cells to the number of beta III tubulin-stained cells (\[eGFP/beta III tubulin\] × 100%). All quantifications were performed in MetaMorph software (Molecular Devices, Sunnyvale, CA, US). We loaded the unadjusted 16-bit images into MetaMorph software, determined the intensity above the local background as a constant number, and then set the minimum and maximum widths of the cells in each image.

Statistical Analyses {#sec4.7}
--------------------

The data are presented as the mean ± SD. Statistical analyses were conducted with the χ^2^ test or Fisher's exact test for categorical variables and with Student's t test or ANOVA for continuous variables. A p value of \< 0.05 was considered to indicate significance. All analyses were performed using SPSS/Windows software 15.0 (SPSS Science, Chicago, IL, USA).
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